1. Background {#sec0005}
=============

Caffeine is a trimethylxanthine commonly consumed by the population ([@bib0085]; [@bib0125]; [@bib0035], [@bib0040]; [@bib0065]), and its daily intake in moderate doses has psychostimulant properties and is capable of producing positive and significant effects on attention and reaction time ([@bib0085]; [@bib0125]; [@bib0035], [@bib0040]; [@bib0065]) from approximately 30 min after ingestion and complete absorption through the gastrointestinal tract ([@bib0070]).

Caffeine effects could be related to the release of serotonin in the cerebral cortex and/or the interaction of methylxanthine with adenosine receptors in the brain ([@bib0165]), producing inhibitory action of the enzymes adenylcyclase and phosphodiesterase, increasing the concentration of an important physiological signalled, the monophosphate adenosine (Cyclic AMP) ([@bib0080]). Thus, substances such as catecholamines are released inducing chronotropism and positive inotropism ([@bib0010]), producing a state of preparedness, and alertness, which may favour cognitive tasks that require attention ([@bib0195]) and rapid motor response ([@bib0080]; [@bib0075]). Caffeine intake recommendation varies by gender and age ([@bib0200]).

The facilitative effects of caffeine intake seem to be equally induced by performing one or more aerobic exercise sessions, generally manifesting itself as dependent on the intensity or volume of the training, thus being of an optimal exercise magnitude ([@bib0105], [@bib0110]). Smith et al. ([@bib0190]) observed a moderate effect of exercise on attentional performance and processing speed, with less significant results when it comes to psychomotor performance. Similar to the study by Smith et al. ([@bib0190]) and Chang et al. ([@bib0050]) demonstrated a positive effect of exercise influence on attention and psychomotor performance. From this perspective, then, there seems to be an appropriate effect on the "neurotransmitter-receptor" or "substance-receptor" interaction via caffeine administration or through exercise, which enhances cognitive and psychomotor processes ([@bib0185]).

More specifically on the topic in question, Hogervorst et al. ([@bib0095]) conducted in three groups of trained individuals a supplementation with bar containing 45 g carbohydrate and 100 mg caffeine (CAF), caffeine-free isocaloric bar (CHO) or 300 ml placebo drink (BP) before performing 2 h and 30 min of aerobic exercise. They were evaluated for cognitive function (Stroop and T2EX quick visual information processing tests) preexercise, during and 5 min after exercise. The results showed that the use of CAF provided a higher T2EX compared to the use of CHO and BP, and there were no differences in physiological parameters between the conditions (CAF vs CHO vs BP). Regarding the Stroop test, the reaction speed was higher with the use of CAF when compared to CHO and BP, during exercise (70 and 140 min) and after exercise (180 min). In all parameters of the visual information processing tests (reaction time, accuracy and error rate and error rate), performance was better with CAF consumption along with aerobic exercise compared to other conditions (CHO and BP). This improvement is most seen in complex cognitive tests over tests that use simple motor reaction time, suggesting that caffeine appears to mediate central improvements.

However, High levels of anxiety, irritability, stress, reduced cognitive performance, and other deleterious manifestations are observed when central nervous system excitation exceeds physiological limits ([@bib0020]; [@bib0200]), and this may occur with the absence of optimal training magnitude and also inadequate caffeine intake. Thus, despite this preliminary understanding, it is not clear what the impact of different intensities, or volume, as well as different caffeine dosages would have on cognitive and psychomotor processes, fitting investigation.

Therefore, the purpose of the present study was to assess whether 500 mg caffeine intake would cause additional effects in a single moderate aerobic training session and then whether the combination of these strategies would be able to improve cognitive and psychomotor processes by promoting greater facilitatory effects than attention and time to simple motor reaction. We believe that caffeine will provide additional effects to aerobic exercise, which in turn will enhance attention and psychomotor performance immediately after exercise.

The present study used the assumptions described by the International Committee of Medical Journal Editors (ICMJE) as a reference and respected all the items proposed in the guidelines \"CONSORT for reporting parallel group randomized trials ([@bib0170]). All procedures were performed in accordance with the Declaration of Helsinki and included in the clinical trial registration of the US National Institutes of Health (ClinicalTrials.gov; NCT02511964).

2. Methods {#sec0010}
==========

2.1. Subjects {#sec0015}
-------------

Twenty physically active, non-smoking, right-handed men were invited to participate in the study through advertisements at the university where the study was conducted between 2014 and 2015. All responded to Edinburgh Handedness Inventory or laterality ([@bib0155]; [@bib0030]) as well as reported regular use of caffeine consumption through survey. All subjects were regular tea and/or coffee drinkers, and the consumption of 200 mg/day of caffeine for moderate drinkers was used as a exclusion criteria ([@bib0020]). Subjects who ingested more than 400 mg of caffeine/day, who had mental or physical diseases, or who used psychoactive or ergogenic substances were excluded.

Before participating in the study, all participants were informed about the procedures, had their questions answered, and signed a consent form. All subjects performed a risk stratification questionnaire for coronary artery disease, and were classified as low risk. [Table 1](#tbl0005){ref-type="table"} describes the sample characteristics.Table 1Sample Characteristics.Table 1CharacteristicsGroup CAFGroup PLA(mean ± standard deviation)Age (years)28.3 ± 5.930.9 ± 7.2Body mass (kg)73.5 ± 6.278.3 ± 8.3Height (cm)175.7 ± 5.9178.2 ± 7.2Percent fat (%)17 ± 4.213 ± 4.4[^1]

Using the G-Power (Free Version 3.0.5) statistical package for "ANOVA Repeated Measures Between Factors" analysis with three measurements in two groups, the sample size considered an error of 5 %, a statistical power of 80 % and a size effect of 0.60 (moderate), resulting in 20 participants. The study was approved by the Ethics Committee of the University of Salgado de Oliveira (UNIVERSO), number (\# 1,220,352).

2.2. Experimental procedures {#sec0020}
----------------------------

The experimental procedures were divided into two visits. In the first visit, three stages were performed: a) signature of the consent and inclusion term; b) anthropometric measurements and risk stratification for coronary artery disease (CAD) as suggested by [@bib0005]; c) cardiopulmonary exercise test. At the second visit, the subjects initially performed the first measure of cognitive attention and reaction time tests, and were randomly divided into two groups: a) who would use caffeine (CAF); b) or placebo (PLA), both in a blinded experiment. All ingested 500 mg of caffeine and/or placebo, and rested for 60 min to perform the cognitive and psychomotor tests again. Subsequently, subjects performed a continuous aerobic exercise session on a 70 % VO~2Max~ treadmill for 30 min, and immediately after 30 min, new cognitive and psychomotor test batteries were performed. The experimental approach is shown in [Fig. 1](#fig0005){ref-type="fig"}.Fig. 1Experimental approach.Fig. 1

2.3. Anthropometry {#sec0025}
------------------

It was used standard assessment established by the International Society for the Advancement of Kinanthropometry (ISAK) to determine the following anthropometric measures: body weight and height (Mechanic, Filizola, Brazil), and skinfold (Slim Guide, Rosscraft, Canada). We estimated the body fat percentage through Jackson & Pollock's equation ([@bib0100]).

2.4. Cardiopulmonary stress test {#sec0030}
--------------------------------

The subjects started walking on the treadmill at 5.0 km/h 1 and 1% of inclination for a period of 3 min. From this initial stage, 1.0 km/h 1 (approx. 1 MET) was added until voluntary exhaustion. Oxygen consumption was measured using the VO~2000~ ergospirometric Respiratory Exchange Analysis Equipment (CPX-D Medical Graphics TM, Saint Paul, MN, USA) with the calibration according to the manufacturer\'s specifications. The heart rate (HR) responses (Polar Monitor® model RS800), as well as the subjective perceived exertion (RPE) (adapted scale of Borg 0--10), were monitored and recorded every minute until the moment of exhaustion. The presence of signs or symptoms mentioned, or the maximal voluntary exhaustion itself was used with criteria for the completion of the test.

2.5. Neurocognitive assessment {#sec0035}
------------------------------

The neurocognitive evaluation was performed using the D2 test to analyse the domains of attention, and the psychomotor test of simple reaction time (SRT).

The D2 test consisted of paper sheets with 14 lines with 47 mixed letters randomly in D or P for evaluation of sustained and selective attention. The subjects were instructed to mark in a period of 20 s on each line, and within a sequence of letters (\"D\" and \"P\"), only the letter "d" with two strokes, which can be both up, down or up and down. After 20 s an acoustic signal was emitted for the subjects to be directed to the next line. The total number of symbols worked within the D2 test (i.e., GZ -- Quantitative measurement of the working speed), the number of correct answers and fewer confusion errors (i.e., SKL -- A measure that reflects the time of attention), and the total number of errors (F%; Confusion and elimination errors) related to GZ were calculated and parameterized for sustained and selective attention. A value of 100 represents poor performance.

The TRS was evaluated after a learning session using computer software based on the MATLAB platform. The software provided random simple light stimuli that lasted a total of one minute and produced 10 stimuli. Subjects were instructed to press a certain key on a computer keyboard with their right index finger whenever a light stimulus appeared. The system calculated the SRT for all stimuli, generating scores.

2.6. Exercise protocol {#sec0040}
----------------------

The subjects were positioned on the treadmill after a 5 min free warm-up period and started the continuous exercise protocol with intensity adjusted to 70 % of VO~2Max~. Both groups (CAF and PLA) were encouraged to stay active for 30 min. The subjects could leave the exercise during the procedure at the sign of any complications or due to fatigue. At the end of the exercise, a brief 3 min slow speed walk was performed. HR and SPE were recorded every five minutes during exercise. All tests were performed at the same day time and with controlled temperature between 21 and 23°.

2.7. Statistical analysis {#sec0045}
-------------------------

A descriptive analysis of the data was previously performed, and the data was described as mean ± standard deviation (SD). After Shapiro-Wilk test of normality (*p* =  0.803 - assumed normality), and heteroscedasticity assumptions, Two way ANOVA was performed to compare the treatment (CAF vs PLA) given the dependent variables (scores D2 and SRT). Delta% (Δ%) as well as effect size magnitude (ESM) were also determined and qualified according to Cohen\'s "d" index. All analyses will be performed using SPSS 20.0 for Windows® software (Chicago, USA) with a statistical significance of p≥ 0.05.

3. Results {#sec0050}
==========

Regarding the kinanthropometric data there were no significant differences between the groups ([Table 1](#tbl0005){ref-type="table"}). We observed through the analysis of the indicators of the attention and psychomotor response test (D2 test) ([Fig. 2](#fig0010){ref-type="fig"}) the best response in the D2-F% ([Fig. 2](#fig0010){ref-type="fig"}A), D2-GZ ([Fig. 2](#fig0010){ref-type="fig"}B) and D2-SKL scores ([Fig. 2](#fig0010){ref-type="fig"}C) with CAF intake when compared to PLA.Fig. 2Results of D2 performance over time for participants with caffeine intake plus aerobic exercise (CAF group) and participants with placebo plus aerobic exercise (PLA group). A. The total number of confusion and elimination errors (D2-F%;). B. Quantitative measurement of working speed (D2-GZ) C. Measurement that reflects the attention span the number of correct answers minus confusion errors (D2-SKL). Values ​​are expressed as mean ± SD (n = 20) for groups ingesting 500 mg of caffeine (CAF) or 500 mg of placebo (PLA) P ≤ 0.05 \* CAF vs PLA.Fig. 2

There was a significant interaction between time and group in the D2-GZ score (F (1.34, 24.2) = 20.742; p \< 0.001), D2-SKL (F (2.36) = 10.556; p \< 0.001) D2-F% (F (2.36) = 10.509; p \< 0.001). There were also significant effects for time on the three indicators (F (1.34, 24.2) = 25.559; p \< 0.001; F (2.36) = 11.481, p \< 0.001; (F (2.36) = 5.926; p \< 0.001) and the main significant effect for the group was found only in the D2-GZ score (F (1.18) = 6.382; p = 0.021), other scores D2-SKL and D2-F% (F (1.18) = 3.241, p = 0.089; F (1.18) = 0.047; p = 0.831, respectively).

Post-hoc analysis revealed no significant differences between the baseline and post-CAF/PLA intake groups in any of the scores D2-GZ, D2-SKL, or D2-F% (p \> 0.05), however, differences were found between post-exercise groups in all scores, D2-GZ (p \< 0.001), D2-SKL (p = 0.001) and D2-F% (p = 0. 010) with CAF participants performing better on all three measures. There were also significant differences in the CAF group in the D2-GZ, D2-SKL and D2-F% scores when comparing exercise time with baseline (p \< 0.001; p \< 0.001; p = 0.001, respectively) and caffeine consumption (p \< 0.001; p \< 0.001; p = 0.002, respectively), with participants performing better after exercise on the three indicators. There were no significant changes in the PLA group over time in any of the D2 test indicators.

Through the simple reaction time test (SRT) we also observed a better response with a reduction in the SRT post exercise and also after ingestion in the CAF group when compared to PLA ([Fig. 3](#fig0015){ref-type="fig"}). There was a significant interaction between time and group (F (1.23.26) = 6.606; p = 0.004). There were significant major effects for time (F (1.23.26) = 20.981; p \< 0.001) and for the group (F (1.18) = 16.264; p = 0.001).Fig. 3SRT performance results over time. Values ​​are expressed as mean ± SD (n = 20) for groups that ingested 500 mg of caffeine (CAF) or 500 mg of placebo (PLA) P ≤ 0.05; \* CAF vs PLA.Fig. 3

Post-hoc analysis revealed no significant differences between the groups at baseline (p = 0.552), but there were already differences between the groups after CAF/PLA intake (p = 0.029) and also after exercise (p \< 0.001). Therefore, we observed that in the CAF group, the SRT decreased over time, as there were significant differences when comparing baseline performance and caffeine intake (p = 0.014), as well as post caffeine consumption and post exercise (p \< 0.001), which did not occur in the PLA group, which did not change significantly over time.

The effect size analysis for each outcome measure as well as the group averages at each time point is shown in [Table 2](#tbl0010){ref-type="table"}.Table 2Standardized mean and SD for the caffeine and placebo group at baseline, after caffeine/placebo intake and after exercise.Table 2TestCAF groupPLA group*d*BaselineACAE*d*BaselineACAED2-SKL103.7105.1112.51.33103.1102.9103.20.01(6.6)(4.6)(4.7)(5.8)(5.9)(5.9)D2-GZ100.3101.1108.51.4998.097.598.20.04(5.5)(4.5)(4.6)(5.1)(5.4)(5.2)D2-F%98.197.292.60.8696.296.196.90.13(6.4)(5.4)(2.5)(5.5)(4.5)(4.0)SRT222.5212.3188.61.76227.2224.9217.80.32(19.2)(14.0)(4.3)(15.2)(9.3)(4.1)[^2]

In the CAF group, significant effects were found between baseline and post-exercise evaluations on all reported outcomes (d = 0.82, a = 1.76). The smallest effect was reported on the D2-F% score, while the largest was on the SRT performance. Within the PLA group there were no significant effects, although no significant effects were found on SRT performance.

4. Discussion {#sec0055}
=============

In our study we sought to extract possible additional effects of caffeine intake combined with aerobic exercise on the improvement of attentional and psychomotor cognitive processes. Responses regarding attentional processes D2SKL, D2GZ, D2F% were presented only late at the end of the running session, while for the SRT, 60 min. After caffeine ingestion, significant supplementation results were already observed, suggesting distinct interaction mechanisms regarding attention and SRT, possibly central and/or peripheral. Moreover, the magnitude of the effect size ranged from moderate to high (d = 0.86--1.76), which gives an important clinical significance to our results, since in a healthy elderly population technically more susceptible to changes from this interventional nature, the effects of exercise presented to the domains of attention and processing speed were only moderate (Hedges index "g" = 0.158 ± 0.52 -- p = 0.03) ([@bib0190]).

According to Winwood ([@bib0210]), caffeine is one of the most used supplements for preparation on competition days and it can improve sports performance through the evolution of cognitive and psychological elements. However, the effects of aerobic exercise on attention improvement or SRT are still controversial, as well as for other cognitive domains ([@bib0150]; [@bib0180]). Positive effects on cognition may be influenced by age, previous cognitive impairment, level of training, or the different assessment methods employed, such as complex or less complex tests ([@bib0190]; [@bib0200]).

In our study, we observed that the participants profile may have directly interfered with obtaining only minor advances in the D2 attention tests, including the sum of the strategies. Surprisingly, the CAF group exhibited high scores and magnitude of effect for attention task, but only after exercise (D2SKL - 103.7 ± 6.6 \> 112.5 ± 4.7; D2GZ - 100.3 ± 5.5 \> 108.5 ± 4.6; D2F% - 98.1 ± 6.4 \> 92.6 ± 2.5). In this sense, we know that caffeine intake is dose-dependent ([@bib0115]), and at low doses of approximately 100 mg, there appears to be no significant effect on cognition ([@bib0035], [@bib0040]), which does not replicate at high caffeine doses ([@bib0115]; [@bib0200]), which was not observed in our study. Hogervorst et al. ([@bib0090]) for example, applied five distinct drinking conditions: 1) water; 2) carbohydrate and electrolyte solutions (CES) in the placebo condition (68.8 g/l); 3) CES containing low doses of caffeine (150 mg/l), 4) medium doses (225 mg/l) and 5) high doses of caffeine (320 mg/l) in triathlete cyclists who exercised on an exercise bike in 1 h time trial. Cognitive and psychomotor assessments were performed before and immediately after the time trial. Before exercise 8 ml/kg of the drink was consumed and during exercise 6 ml/kg. The results showed that caffeine consumption (150, 225 and 320 mg/l) provided improvements in the post-exercise selective attention test "Stroop test" compared to the condition of water consumption. However, only caffeine intake of 225 mg/l was beneficial for greater efficiency in the Signal Detection Task - a post-exercise shifting of attention strategy compared to water consumption.

Comparing this scenario with the design of our study, Hogervorst et al. ([@bib0090]) and other studies ([@bib0160]) applied caffeine during exercise, low and medium caffeine dosages were the ones that most affected cognitive functions after exercise. The effect of exercise on the improvement of cognitive functions seems to occur as a result of the increased central activation due to the provided physiological stress ([@bib0090]). The use of caffeine would then act as a perceived fatigue suppressor, thus providing a better performance on cognitive tests ([@bib0090]; [@bib0160]).

It is noteworthy that regarding attention domain, caffeine action is mediated through central blockade of adenosine agonist receptors, mainly A1 and A2A (higher affinity), inhibiting the formation of AMPc and phosphodiesterase enzyme, with sympathetic nervous system stimulation, and excitatory and attention increase ([@bib0130]; Fisone and Borgkvist, 2004). However, we did not observe this effect within the first hour of intervention, and this may be associated with physiological changes linked to a delay in central responses compared to peripheral interactions. We speculate that aerobic exercise may have specifically acted on increasing the permeability of the blood-brain barrier (BBB), favoring the effects of caffeine interaction on the brain ([@bib0140]). Evidence suggests that after prolonged exercise, due to temperature rise, activity of catecholamines and indolamines increase, mainly mediated via 5HT~2~ receptors ([@bib0175]), as well as inflammatory mediators, the permeability of the BBB changes ([@bib0055]). Moreover, depending on physical fitness, the training routine could provoke angiogenesis via endothelial vascular growth factors (VEGF) ([@bib0120]), thus changing the permeability coefficient and surface area ([@bib0015]). Caffeine is a relevant substance for controlling the integrity of BBB ([@bib0055]). It may confer a defensive effect against mental disorders, limit the entry of pathogens, inflammatory processes, and act indirectly on improving cognition ([@bib0055]).

Different investigations have shown that acute aerobic exercise in moderate intensity reduces the SRT ([@bib0205]; [@bib0060]; [@bib0125]; [@bib0105]). However, this response seems to differ according to the complexity of the task performed, such as when performing a dual task paradigm ([@bib0025]). In singular tasks the magnitude of this response as shown by Chang et al. ([@bib0050]) exhibits only little influence of exercise on psychomotor performance (choice reaction time and simple reaction time). In our study the magnitude of SRT change was increased after 60 min from caffeine intake, as well as had its SRT values ​​further reduced soon after exercise, suggesting additional effects of caffeine on exercise.

Unlike the attention domain, caffeine may seem to act facilitating motor action, both by central and peripheral interaction. For example, caffeine is structurally similar to adenosine, and thus competing antagonistically by blocking adenosine receptors (A1 and A2), favoring brain motor performance ([@bib0145]). In addition, as a psychoactive substance, it seems to alter the activation activity of the ascending reticular system, increasing excitatory levels and leading to cortical activity increase ([@bib0145]; [@bib0135]).

Peripherally, caffeine is known to act by increasing the firing frequency of cholinergic neurons (antagonically inhibited by interaction with adenosine molecules), releasing a higher concentration of acetylcholine in the neuromuscular junction, and increasing calcium influx (Ca^+2^). by the sarcoplasmic reticulum. The mechanism seems to be related to channel activation of Ca^+2^ induced by Ca^+2^ release ([@bib0045]). Ryanodine receptors such as RYR2 mediate the Ca^+2^ release-induced Ca^+2^ mechanism and increase its sensitivity in the presence of caffeine ([@bib0045]). This may be associated with the quick motor response observed before the onset of exercise and increased after exercise.

Among the limitations of the present study, we can mention the lack of a no training group, the training duration (i.e., just 22 min effectively), the level of cardiorespiratory conditioning (i.e., physically active) and the gender (by not including females) of the sample, since we know that these factors can directly interfere with cognitive responses to exercise and caffeine use.

5. Conclusion {#sec0060}
=============

Caffeine was able to induce significant additional effects to aerobic exercise, improving attention span and reaction time. Considering the exercise performed, the caffeine dosage applied and the research subjects, it is suggested that further research be carried out in order to better understand the interrelationship between the different types of exercise and caffeine doses and their combination on the cognitive domains and also elucidate the beneficial and harmful effects of this combination on attentional domains and reaction time in order to contribute to safer exercise prescription strategies in healthy populations and also to sports performance.
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[^1]: ***Note*:** Sample characteristic data presented mean ± standard deviation, p \> 0.05.

[^2]: ***Note*:** CAF: caffeine group; PLA: placebo group; AC: 1 h after caffeine or placebo intake; AE: after aerobic exercise.
